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528a Tuesday, February 5, 2013FhuA has a luminal cross-section of ~3.14.4 nm and is plugged by a globular
N-terminal cork domain (C). Single-channel electrical recordings with exten-
sive protein redesign of FhuA resulted in identifying four long extracellular
loops (4L) that partially block the lumen upon the removal of the cork. The
newly engineered protein, FhuA DC/D4L, was the result of a removal of almost
33% of the total number of amino acids of the wild-type FhuA (WT-FhuA) pro-
tein. The crown achievement in this work was combining direct genetic engi-
neering with a refolding approach to produce this unusually-stable protein
nanopore. Critical to its future nanotechnological applications, FhuA DC/
D4L was functional under structure-altering conditions, including low ion con-
centration and highly acidic aqueous phase.
To tailor the FhuADC/D4L protein to the use in nanopore-based detection de-
vices, we show that the FhuA-based nanopores function as stochastic biosens-
ing elements. For example, we monitored the proteolytic activity of an enzyme
at highly acidic pH and we were able to determine the kinetics of protein-DNA
aptamer interactions at physiological salt concentration. These two assays have
not been demonstrated with the existing nanopores.
This work is funded in part by grants from the US National Science Foundation
(DMR-1006332, L.M.) and the National Institutes of Health (R01 GM088403,
L.M.).
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The maximum utility of protein nanopores in biotechnological applications is
generally dictated by the size and internal geometry of the protein. The knowl-
edge of these two parameters is imperative, particularly when extensive protein
redesign is employed to produce task-specific proteins.
Recently, we used ferric hydroxamate uptake component A (FhuA), a b-barrel
bacterial outermembrane protein, as a protein-engineering template to produce
an unusually-rigid, open nanopore (FhuA DC/D4L). This new nanopore main-
tains its stability under harsh experimental conditions. It was essential to couple
comprehensive protein redesign with protein refolding protocols to obtain such
a nanopore. With the radical revamp of the FhuA template, it was necessary to
shed light on the overall structure of the new FhuA DC/D4L protein. Thus, we
employed water-soluble, flexible poly(ethylene glycols) and dextran polymers
to inspect the interior of FhuA DC/D4L during single-channel recordings.
The addition of poly(ethylene glycols) to solution produced alterations in the
single-channel conductance, allowing for the calculation of the nanopore diam-
eter. We report that FhuA DC/D4L features an approximate conical internal
geometry with the cis entrance (extracellular) smaller than the trans entrance
(periplasmic). This finding is in accord with the asymmetric nature of the crys-
tal structure of the wild-type FhuA protein. Additionally, experiments with
impermeable dextran indicated an average internal diameter of ~2.4 nm, an
estimate based on the polymer-induced alteration of the access resistance
contribution to the total resistance of the nanopore. The insights into size and
geometry of FhuA DC/D4L deduced from these polymers experiments will
aid in future protein engineering of FhuA, opening new engineering avenues
for specific tasks in biotechnological applications.
This work is funded in part by grants from the US National Science Foundation
(DMR-1006332, L.M.) and the National Institutes of Health (R01 GM088403,
L.M.).
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We present a new biosensing device which consists of an array of flexible high-
aspect ratio magnetic structures cantilevered to a solid substrate. The structures
are 25 x 2.5 micron cylindrical silicone rods which are encased with a shell of
nickel; the silicone structure lends the rod flexibility while the nickel enables
magnetic control. Fabrication begins in a 25-micron-thick porous polycarbon-
ate track-etched membrane in which pore diameter is tuned by etching in a
sodium hydroxide solution. A gold and aluminum working electrode is sputter-
coated onto the back of the membrane, followed by electrodeposition of
100-200 nm of nickel onto the pore wall. This deposition forms a hollow nickel
cylinder which is then filled with a poly(dimethyl siloxane) core. After curing,dichloromethane is used to dissolve the polycarbonate template, resulting in
a magnetically active microrod array containing two million rods per square
centimeter. Furthermore, we demonstrate that changes in the range of motion
of the oscillation of the microrod array can be measured by monitoring optical
transmission through the sample. This allows us to monitor the aggregation
kinetics of the rod array or coagulation of an intervening fluid, leading to a
generalized platform for biosensing applications.
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Cell adhesion is an essential biological process for cell survival, differentia-
tion, and migration. There are two types of cell adhesion to the extracellular
matrix (ECM) and adhesion to adjacent cells. Cell-substrate adhesion is me-
diated through a class of receptors known as integrins. There receptors simul-
taneously connect the ECM on the outside to the actin filaments on the inside
of the cells. Another important cell adhesion is cell-cell adhesion; it is an es-
sential component of epithelial morphology, cellular communication and
function. Epithelial cells adhere tightly to their neighbors through adhesive
structures and these structures are connected to intermediate filaments micro-
filaments. This association with the cytoskeletal network is necessary for sta-
ble cell-cell adhesion and for the communication of the changes in
neighboring cells. There are many methods that can be used to measure the
changes in cell adhesion, but each has its disadvantages. Many of these
methods are based on end-point detection which don’t allow real-time detec-
tion or are based on the introduction of foreign objects which can affect the
response of cells. We have developed a non-invasive real time method using
the quartz crystal microbalance with dissipation monitoring (QCM-D) to
quantitatively monitor such cellular processes using the dissipation factor
DD. Previously, we’ve successfully tracked real time changes in cellular ad-
hesion due to induction of the EGFR pathway using the QCM-D. The QCM-D
technique can be a useful application in studying other cellular process such
as cell signaling and trafficking and can potentially be a useful in vitro method
for drug and biomarker screenings. Here we will take a look at pathways that
contribute to changes in cell adhesion through cell-ECM adhesion and cell-
cell adhesion.
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Whispering gallery mode optical resonators offer an unusual coupling of rapid
response time and ultra-sensitive biological and chemical detection. We have
improved the signal to noise ratio of microtoroid optical resonators ~1000-
fold over standard techniques by using laser frequency locking and have ap-
plied this to assay tumor progression in mice by sensing the low concentrations
of exosomes, shed by tumor cells, in serum samples collected from the animals.
Serum samples from normal or experimental mice cause no shift in the reso-
nance wavelength of the microtoroids; however, after using antibodies toward
specific tumor markers to sensitize the toroid surface, we detected changes in
the resonance frequency of the microtoroid when exposed to the serum of
tumor-implanted mice. Serum from control (tumor-free) mice caused no shift.
The wavelength shifts observed were 600 times the noise and drift of the sensor,
even for a million fold dilution of the serum sample. Analysis of the shifts
showed unitary steps of ~ 0.5 fm, suggesting that the assay may be sensitive
enough to detect individual binding events, offering a means to analyze the
size of the biomolecules that are binding to the resonator. If validated, this
approach offers a non-invasive tumor ‘‘biopsy,’’ exploiting the circulation of
blood to collect a sample of tumor surfaces without the need to find or access
the tumors.
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Tuesday, February 5, 2013 529aObjective: Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion
channels which mediate Naþ, Kþ and Ca2þ conductance. The human muscle
subtype a1b1dε is an important target in drug discovery related to anaesthe-
sia or therapeutic approaches of intoxications with organophosphorus com-
pounds. Because of its high degree of homology with the human muscle
subtype, abdg nAChRs from the Torpedo electric organ are a suitable surro-
gate. For functional characterisation, cell-free electrophysiological methods
based on solid supported membranes (SSM) can be useful in cases where con-
ventional electrophysiology cannot be applied. In this sensor based technique,
charge translocation is measured via capacitive coupling of the supporting
membrane. To obtain a sufficient current density, multiple parameters have
an impact evaluated in this study.
Experimental procedures: Crude membranes from frozen electric organ of
Torpedo californica were purified with sucrose gradient centrifugation and
then adsorbed to SSM varying buffers, average vesicle size and incubation.
The activation of nAChR was measured with a SURFE2R workstation allowing
automated high throughput measurements. Voltage dependent sodium channels
were blocked with ambroxol. Rapid exchange of a non-activating buffer to an
activating buffer containing the agonist carbamoylcholine initiated Naþ influx
in the membrane vesicles. The results were correlated with the different exper-
imental designs.
Results: Depending on the average particle size, zeta potential and incubation,
stable and reproducible cholinergic signals were recorded (~ 1 nA). The use of
ambroxol prevented a premature collapse of the sodium gradient. Increasing
carbamoylcholine content in the activating solution led to curves with satura-
tion behaviour. However, carbamoylcholine concentrations > 1 mM seemed
to induce desensitisation of the receptors.
Conclusion: The results presented here demonstrate that functional high-
throughput measurements can be performed with native membranes of Torpedo
californica electric tissue. Though, maintaining and regeneration of sodium
gradient requires sensitive measurements.
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The region near a yeast cell has been probed by a pair of electrically conducting
probes that are 2 microns apart – closer than the cell diameter. The C-nanotubes
are 1.2 nm in diameter – of the size of molecules in the cell wall and able to
sense their environment without damaging the cell. As a control, measurements
of water and cell medium with micron-size metallic strips, but without the
nanotubes present, were made. To test the nano-probes in a controlled way,
they were attached to the metallic strips and then immersed in the test fluids.
The results show that the nanotubes play a key role in the observed complex
impedance. Then, the signal was compared for water, medium and yeast cells
added to the medium. Layers of stationary fluids a few microns deep were mea-
sured as a function of frequency from 10 to 10,000 Hz, (similar to dielectric
susceptibility in large collections of cells). The results show that the suscepti-
bility differences were largest in the frequency range from 10 to 1000Hz, with
the average impedance with cells about a factor of 4 higher than that with just
medium and a factor of 2 larger than with water. The results indicate that the
nanoprobes record a signal due to the presence of the cells, with weighting to-
ward the nearest cell. Finally, we flowed the medium with a low density of cells
past the nanoprobes and recorded the complex impedance at 100Hz. Dynamic
fluctuations in the signal were observed as the cells moved by, with somewhat
larger changes when a cell was near the probe, as indicated by video-
microscopy paired with the electrical record. Results indicate that the protocol
is applicable to other types of cells.
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Reagentless biosensors have been developed for the assay of several biologi-
cally significant molecules and are applied to a broad range of applications.
These sensors consist of fluorophore-protein adducts, whereby the protein pro-
vides specificity by binding the molecule of interest. The interaction between
the protein and ligand is detected directly via a change in fluorescence of the
attached fluorophore.
Such biosensors are being developed for two molecules, widely released by cel-
lular reactions, namely GDP and pyrophosphate. Pyrophosphate is released bymany enzymes including those catalyzing various steps in DNA transcription,
translation and replication as well as within various metabolic pathways. GDP
is the product of numerous cellular processes using GTP hydrolysis to regulate
the activity of GTPases. The strategy of identifying suitable protein scaffolds,
choosing appropriate fluorophore positions to detect ligand binding and modi-
fication of protein properties to remove unwanted side effects (i.e. GTP binding
in the case of a GDP biosensor) is described. These novel sensors aimed at mea-
suring the release of the two analytes from enzymic reactions in real time, with
high sensitivity and high time resolution, to study the rate of the reaction close
to physiological conditions.
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Zahra is a fluorescent protein (FP) voltage sensor of membrane potential that
exhibits fast kinetics (Baker et al., 2012). Archlight is another FP voltage sensor
that gives a large signal in response to membrane depolarizations (Jin et al.,
2012). Zahra utilizes the voltage-sensing domain from the Danio rerio
voltage-sensing phosphatase (VSP), while Archlight is based on the voltage-
sensing domain from the Ciona intestinealis VSP. In an attempt to make Arch-
light faster we aligned the transmembrane domains from several VSP homo-
logs. Some of the conserved residues that were charged or polar were also
conserved in the transmembrane domains of voltage-gated potassium channels,
voltage-gated sodium channels, voltage-gated calcium channels, and voltage-
gated proton pumps. Mutagenesis of these residues affected the speed of the
fluorescent response, the size of the fluorescent response, and the voltage-
dependence of the fluorescent response. We have designed mutant modules
of each transmembrane domain so that we may tweak this electrical lattice to
yield a genetically-encoded sensor that exhibits large fluorescent changes
with fast kinetics. The best sensor at the time of this abstract gives a 5% frac-
tional fluorescent change in response to 100 mV depolarization with a tauon
of <2.6 ms and a tauoff <2.4 ms.
This work was supported by the World Class Institute (WCI) Program of the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology of Korea (MEST) (NRF Grant Num-
ber:WCI 2009-003) and by US NIH Grant DC005259.
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Biosensors couple binding events with a readily quantifiable optical output
signal. Proteins are excellent recognition modules because of their inherent
ability to bind ligands with high affinity and specificity. FRET is a powerful
detection method because it can be ratiometric and genetically encoded.
Researchers who wish to convert ordinary binding proteins into FRET-
based biosensors are faced with two main challenges: (i) how to establish
a binding-dependent conformational change, and (ii) how to make this change
sufficiently large to produce robust FRET output. Here we develop the FRag-
ment EXchange (FREX) methodology to address those two challenges. In the
FREX approach, point mutations are introduced into the full-length parent
protein to thermodynamically destabilize the protein and to knock out ligand
binding. A polypeptide segment that covers both mutation sites, but contains
the wild-type residues at those positions, is synthesized by partial sequence
duplication of the parent protein. In the absence of ligand, the full-length pro-
tein is sufficiently stable to assume its native conformation. Addition of ligand
induces a conformational change where a portion of the binding-incompetent
full-length protein is swapped by the corresponding peptide. Ternary complex
formation is driven by ligand binding energy and the gain in stability afforded
by restoring wild-type side chain interactions. Placement of fluorescent re-
porter groups onto the full-length protein and the peptide fragment directly
links ligand binding to a consistent and robust FRET increase. We demon-
strate the method using the tenth human fibronectin type III domain (FN3),
a versatile binding scaffold that has been previously modified to recognize
a variety of targets. FREX establishes a customizable platform for a con-
formational switch in which ligand binding is coupled to a high-output
reporter signal.
